Segmented filamentous bacteria (SFB) are present in the gastrointestinal tract of mice from weaning until the maturation of the immune system. Probiotic bacteria also have an effect on host immunity. To study the relationships established between these bacteria, samples from a mouse model fed with Lactobacillus plantarum under different immunological conditions were analysed. SFB populations were measured by a newly designed group-specific quantitative PCR assay. The results confirmed the presence of the probiotic in the intestine and an expansion of SFB in the ileum of immunocompromised mice, which was abolished upon administration of L. plantarum, an effect not described to date.
Introduction
Segmented filamentous bacteria (SFB) are normal inhabitants of the gastrointestinal tract (GIT) of different animal species, such as mice and rats, rainbow trout and insects (Klaasen et al., 1993; Urdaci et al., 2001) . In young mice, they are especially abundant in the lower parts of the small intestine (ileum), from the moment of weaning until the development of the host immune system, when they are completely depleted from the gut. To date, these bacteria have not yet been cultured. They have a very characteristic filamentous, Gram-positive, spore-forming morphology, and are most closely related to the genus Clostridium based on 16S rRNA gene sequence similarity (Snel et al., 1995) . In mice, SFB are found strongly attached to GIT epithelial cells that are normally covered with bioactive compounds (i.e. mucins) that protect the integrity of the epithelium. Along with lymphocytes and immunoglobulin (Ig) A-producing cells in the lamina propria, these cells are crucial for the development of a correct immune response to diverse antigens. This close interaction allows the filamentous bacteria to affect the gut immune system (Umesaki et al., 1999) . They have been shown to be one of the most potent nonspecific microbial stimuli of the gut immune system, inducing the production of total IgA by intestinal cells (Talham et al., 1999) . Knock-out mice with a deficient development of the immune system have been shown to have high SFB levels throughout life (Snel et al., 1998) .
Probiotic bacteria have been widely reported for their beneficial properties on host health. The most commonly used organisms are lactic acid bacteria, especially those belonging to the genus Lactobacillus (Ouwehand et al., 2002) . Whether some of the probiotic effects might be a result of the interaction between probiotic bacteria and the endogenous microbiota is currently being investigated.
The aim of this study was to evaluate the effect of a bacterium isolated from a commercially available dairy product (Bujalance et al., 2006) and characterized as Lactobacillus plantarum, on both the host immune system and the gut microbiota. For this purpose, a mouse model previously validated for the study of immunemodulating compounds under different immunological conditions was used (Jimenez-Valera et al., 2003) . The Lactobacillus strain fulfilled all the in vitro requirements described to consider potentially probiotic bacteria (Bujalance et al., 2007) . The focus of this study was on the relation established between the lactobacilli and the SFB population, because these filamentous bacteria have been reported for their key role in the development of the host immunity.
A large variety of molecular techniques are currently available to study complex ecosystems, especially useful in the field of probiotics where these techniques allow for the differentiation between closely related bacteria, e.g. different endogenous and exogenous species within the genus Lactobacillus (McCartney, 2002; Zoetendal et al., 2006) . Depending on the analysis performed, microbiota structure and dynamics can be studied at different levels of qualitative and quantitative resolution, such as overall diversity of a microbial community, monitoring of a specific species in time or the quantification of a certain bacterial population. In the present study, total bacterial and Lactobacillus-specific denaturing gradient gel electrophoresis (DGGE) and terminal restriction fragment length polymorphism (T-RFLP) fingerprinting techniques, as well as quantitative PCR (qPCR) analysis of the SFB population in gastrointestinal content and tissue samples, with primers newly described for this purpose, were used.
Materials and methods

Experimental design
Six-to eight-week-old female BALB/c mice were provided by the technical services of the University of Granada (Granada, Spain) and maintained under pathogen-free conditions. Sixteen animals were divided into four groups: control mice, a group receiving a daily dose of the bacterium L. plantarum (LP group), mice immunosuppressed with cyclophosphamide (CP) and animals receiving immunosuppressant treatment and also fed with L. plantarum (CP1LP). A lactic acid bacterial strain was isolated from a commercial kefir (Bujalance et al., 2006) and characterized as L. plantarum by 16S rRNA gene sequencing. This strain was also in vitro characterized as probiotic according to the parameters described for this purpose (Bujalance et al., 2007) . Animals receiving the probiotic strain were daily fed 0.1 mL of milk containing 1 Â 10 10 CFU mL À1 of L. plantarum by a gastric canula. The duration of the trial was 10 days. Control mice received the same dose of sterile milk at the same time points. Immunosuppression was achieved by intraperitoneal injections with cyclophosphamide (100 mg kg À1 , Asta Medica, Prasfarma S.A., Spain) administered on Days 0, 3 and 6 of the trial. Animals were killed on the last day (i.e. Day 10) of the trial. Fecal samples were taken on Days 1, 4, 7 and 9 of the experiment. The entire GIT was aseptically removed on the last day of the trial and was divided into sections corresponding to the duodenum, jejunum, ileum, cecum and colon for further analysis. All experiments were approved and supervised by the local ethical committee at the University of Granada.
Peripheral blood leukocyte (PBL) counts
To determine the immunomodulatory effect of the probiotic bacterium, PBL counts were performed on the last day of the trial. For this purpose, blood samples were obtained by a retro-orbital puncture with heparinized capillary tubes in ether-anesthetized mice, and counts were performed in a hemocytometer as described previously (Jimenez-Valera et al., 2003) . Differences were checked for statistical significance (P o 0.05) using Student's t-test.
DNA isolation
Approximately 40 mg of feces were used for DNA isolation using the FastDNA SPIN Kit for Soil (Qbiogene, Carlsbad, CA) and a FastPrep Instrument (FP120, Savant Instruments, Farmingdale) following the manufacturers' instructions. Tissue samples were disintegrated before DNA isolation by incubation in 1 mL phosphate buffer with 50 mL of 10% sodium dodecyl sulphate solution and 10 mL proteinase K (20 mg mL
À1
) for 1 h at 55 1C. After the incubation period, tissue samples were thoroughly mixed, placed into fresh collection tubes and DNA was isolated as described above.
DGGE analysis
Total bacterial profiles from all samples were analyzed by DGGE with primers 968f and 1401r (Nubel et al., 1996) (Table 1) . To characterize the lactobacilli community, PCR was performed with Lactobacillus-specific primers as described previously (Walter et al., 2001; Heilig et al., 2002) . In both cases, the amplicons obtained were separated by DGGE (Dcode TM system; Bio-Rad Laboratories, Hercules, CA) according to Muyzer et al. (1993) . Electrophoresis was performed in an 8% polyacrylamide gel of 37.5 : 1 acrylamide-bisacrylamide (dimensions 200 mm Â 200 mm Â 1 mm). For the separation of amplicons, gradients of 30-60% for total bacterial profiles, and 30-55% for lactobacilli-specific profiles were used. A 100% denaturing solution was defined as 7 M urea and 40% formamide. After a run for 5 min at 200 V, gels were electrophoresed for 16 h at 85 V in 0.5 Â TAE buffer at a constant temperature of 60 1C. Polyacrylamide gels were stained with AgNO 3 (Sanguinetti et al., 1994) . The DGGE gels were analyzed using Bionumerics 4.0 (Applied Maths BVBA, Sint-Martens-Latem, Belgium). In order to compensate for gel-to-gel differences and internal distortions during electrophoresis, gels were aligned and normalized using an external reference pattern, loaded on either side and in the middle lane of each gel. The nonlinear background was subtracted by means of the rolling disk procedure. The similarity between DGGE profiles was determined by calculating similarity indices of the densitometric curves of the profiles compared using the Pearson product-moment correlation (Hane et al., 1993; Zoetendal et al., 2001) . For the construction of dendrograms, the UPGMA algorithm was used as implemented in the analysis software. For further statistical analysis of the gels with the CANOCO 4.5 MULTIVARIATE ANALYSIS software, bands present in each lane were manually checked by comparison with the densitometric curve. Bands were classified, and the band surface area was determined as a semi-quantitative measure of relative abundance, with tolerance and optimization set to 1% and 0.5%, respectively. Bands with a relative surface area of o 1% were omitted. The relative intensity of bands per sample was calculated by dividing the band surface area by the cumulative surface area of all bands within a lane.
T-RFLP analysis
16S rRNA genes were amplified from DNA extracts of all samples with the universal primers 6-carboxyfluorescein (FAM)-labeled 27f and 907r as described previously (Egert et al., 2003) . PCR products were purified with the QIAquick PCR purification kit (Qiagen, Venlo, the Netherlands) and quantified with a NanoDrop ND-1000 spectrophotometer (NanoDrop s Technologies, Wilmington, DE). Approximately 75 ng of DNA of each sample was digested with 2.5 U of MspI (Promega, Leiden, the Netherlands), 1 mL of the appropriate 10x buffer and 1 mg of bovine serum albumin in a total volume of 10 mL for 3 h at 37 1C. 1.25 mL of this reaction was mixed with 0.75 mL of formamide loading buffer (Amersham Biosciences, Roosendaal, the Netherlands) and 0.5 mL of GeneScan
TM standard as an internal reference (Applied Biosystems, Nieuwerkerk a.d. Ijssel, the Netherlands). Two microliters of the mix with the fluorescently labeled terminal restriction fragments was size-separated on an ABI PRISM s 377 DNA automated sequencer. T-RFLP electropherograms were analyzed with GENESCAN 2.1 software (Applied Biosystems). In order to normalize T-RFLP profiles, the total fluorescence of all samples was added and divided by the number of samples analyzed, resulting in a corrected average fluorescence per sample. A correction factor was obtained by dividing the total fluorescence of each sample by the average total fluorescence. Peaks with a fluorescence intensity o 100 were discarded. The corrected relative fluorescence intensity was calculated for single peaks by dividing single peak heights by total sample fluorescence intensity. This allowed for subsequent statistical analysis with CANOCO 4.5 MULTI-VARIATE ANALYSIS software. In silico analysis and prediction of SFB-specific TRF sizes was performed using the ARBintegrated tool TRF-CUT (Ricke et al., 2005) , and the ssu_jan04_corr_opt.arb small subunit sequence data base released from the ARB project (Ludwig et al., 2004) .
qPCR qPCR was performed with the iQ5 Real-Time PCR Detection System (Bio-Rad, Veenendaal, the Netherlands) for tissue samples of sections along the complete GIT. The reaction was performed using primers 779f and 1008r, described previously for sequencing of the SFB 16S rRNA TGTGGGTTGTGAATAACAAT GCGAGCTTCCCTCATTACAAGG qPCR (SFB) Snel et al. (1995) ; Urdaci et al. (2001) gene and as a probe, respectively (Snel et al., 1995; Urdaci et al., 2001) . The primer set was first validated by qPCR product cloning and sequencing, and optimized using temperature gradient PCR. The reaction mixture (25 mL) consisted of 12.5 mL of iQ SYBR Green Supermix (Bio-Rad), 0.2 mM concentrations of each primer set and 5 mL of the template DNA. Optimized PCR conditions included an initial DNA denaturation step at 95 1C for 3 min, 40 cycles of denaturation at 95 1C for 15 s, primer annealing at 59 1C for 30 s and extension at 72 1C for 30 s. Every reaction was standardized with a calibration curve of a dilution series of the 16S rRNA gene of SFB, amplified with primers 27f and 1492r as described previously (Lane, 1991) . DNA from SFBs was isolated from intestinal scrapes of monoassociated mice (Klaasen et al., 1991) , kindly provided by H. Snel, Nizo Food Research (Ede, the Netherlands). The isolated DNA of all intestinal samples of the different groups was analyzed by qPCR in triplicate and at different dilutions (10-and 100-fold). qPCR efficiency values between 88.0% and 98.8% were observed, with R 2 = 0.99 and slopes between À 3.38 and À 3.65. Total bacterial 16S rRNA gene was amplified using primers 1369f and 1492r described previously (Suzuki et al., 2000) . Results were expressed as ratios of SFB to total bacteria present in the samples, allowing further analysis with the CANOCO 4.5 MULTIVARIATE ANALYSIS software. Total errors of the ratios were calculated from the mean and SDs of individual assays using error propagation.
Multivariate statistical analysis
Multivariate statistical analysis was performed using CANOCO 4.5 software (Biometris, Wageningen, the Netherlands) to integrate the results obtained from the different techniques used in this study (ter Braak & Šmilauer, 2002; Lepš & Šmilauer, 2003) . Environmental variables were established such as duration of the treatment or origin of the samples. Redundancy analysis (RDA) was chosen. Similarities were graphed using ordination plots with scaling. The diagrams represent the distribution of samples according to a similarity pattern among them and with the environmental variables. Quantitative variables are represented as vectors, with length and slope significant to its value. Vectors pointing in the same direction are positively correlated. To test the significance of the relationship of the results obtained with the environmental variables, unrestricted Monte Carlo permutation tests were performed with 499 random permutations and a significance level (P) of 0.1.
Results
Immunosuppression
An intraperitoneal injection of cyclophosphamide (groups CP and CP1LP) resulted in an extremely significant decrease of the PBL counts compared with those obtained for control animals (P o 0.01) (Fig. 1) . Differences between values obtained for the immunocompromised animals with and without probiotic administration were not statistically significant. This indicated that the strain of L. plantarum as a preventive measure did not influence the observed immunosuppressant effect with regard to nonsupplemented cyclophosphamide control animals. A slight reduction in PBL counts was detected in the LP group, although the difference compared with levels observed for control animals was not statistically significant (Table 2) . 
DGGE analysis
The total bacterial DGGE profiles obtained from both fecal and tissue samples from the complete GIT revealed high richness, i.e. a high number of bands. Cluster analysis showed no significant separation of samples, regardless of treatment or day of sampling (data not shown).
In order to assess the effect of the administration of an exogenous strain of L. plantarum on the lactobacilli community in the mouse GIT, group-specific DGGE was performed on both fecal and tissue samples. The profiles obtained revealed high similarity between samples, independent of origin (region of the GIT or fecal material) and treatment. No significant changes in the endogenous lactobacilli were observed after 9 days of probiotic feeding. Cluster analysis showed similarity values between fecal samples taken on different days from the four groups of at least 74 AE 8%. The L. plantarum strain administered could be detected in some of the fecal samples obtained from both the LP and the CP1LP group (data not shown). Analysis of tissue sample profiles also showed a high similarity between samples (79 AE 8%), and in this case the administered strain was detected at high levels throughout the complete GIT of all animals from the LP and CP1LP groups (Fig. 2) . Interestingly, the band representing the added strain was detected at a statistically significantly higher relative intensity in immunocompetent mice (average intensity of 11.9% AE 3.7) than in immunosuppresed mice fed with the probiotic strain (average intensity of 6% AE 4.1) (P o 0.01).
Quantification of SFB
To detect and quantify the presence and relative abundance of yet uncultured SFB in the mice GIT, SFB-specific primers were validated for their use in qPCR. To this end, qPCR products obtained from amplification of cecum and colon samples from untreated and immunosuppressed animals were cloned and sequenced. These samples selected as SFB have not been described previously to be predominant in these regions. All clones analyzed shared no more than 98% similarity with previously reported 16S rRNA gene sequences of SFB (accession no. D86305.1).
Tissue samples from sections along the complete GIT of animals of the four groups were analyzed in triplicate with SFB-specific and total bacterial primers, and the relative abundance of SFB was calculated as a ratio of both values, using error propagation to calculate the total error from individual SDs. The highest levels of SFB were found in ileum samples (Fig. 3) . The results revealed a high increment in the numbers of these filamentous bacteria in ileum samples in the immunosuppressed mice compared with control animals. SFB numbers were restored to normal values in immunocompromised animals receiving the strain of L. plantarum. A reduction was also observed in animals only receiving the lactobacilli treatment compared with control levels. SFB could also be detected at much lower levels in cecum and colon samples of all animals, in general with values o 1%, except for the cecum of animals from the cyclophosphamide group (up to 15 AE 3%). Presence of these bacteria in the duodenum and jejunum samples was undetectable. 
T-RFLP analysis
To confirm the results obtained by SFB-specific qPCR, T-RFLP analysis of bacterial 16S rRNA genes was performed on all GIT tissue samples. Prediction of SFB-specific TRF sizes resulted in a fragment of 281 bp with MspI as the restriction enzyme. The expected peak appeared in all ileal samples with fluorescent intensities in agreement with qPCR analysis. A considerable reduction of the fluorescence intensity was observed in both groups fed with L. plantarum (LP and CP1LP mice). A marked relative increase of the fluorescence of the 281 bp peak in immunosuppressed mice was also clearly detected (Fig. 4) . A significant positive correlation could be established between the relative fluorescence intensities of the 281 bp peak with SFB levels obtained by qPCR in the ileal samples, with a Spearman's rank correlation coefficient (r) of 0.83 (P o 0.01) and R 2 = 0.98. In silico analysis of T-RFLP results confirmed that this fragment is likely to represent the group of SFB.
Multivariate statistical analysis
To integrate observations from the different techniques applied, and to further explore potential correlations of sample characteristics (i.e. treatment, GIT-location, time) with the polyphasic molecular datasets, multivariate statistics were used. Graphs were generated by redundancy analysis (RDA), using relative DGGE band intensities, relative terminal restriction fragments peak fluorescences and qPCR-based relative abundance of SFB as species data. Approximately 25% of the variance in the molecular data could be explained in this analysis. A strong correlation could be observed of data obtained from SFB-specific qPCR, with the peak corresponding to 281 bp in T-RFLP analysis, ileum as GIT location and also a DGGE band corresponding to relative migration position 16.2 on the total bacterial profiles. With this result, a possible correspondence of the 16.2 band on DGGE with the SFB population it could be established. A clear separation was observed for data obtained from analysis of samples of immunosuppressed animals compared with those of immunocompetent mice (data not shown).
Discussion
The objective of this study was to assess the beneficial effect of an isolate of L. plantarum on the host immune system through its interaction with the endogenous microbiota, specifically focusing on SFB. In order to evaluate the immunomodulatory activity of any agent, normal and immunosuppressed animals have to be considered because contrasting effects can be observed under different immunological conditions. Cyclophosphamide was used to establish an experimental model for immunocompromised mice. This myelotoxic agent has been frequently used to induce neutropenia in laboratory animals to make them susceptible hosts for experimental infections with different pathogens (Jimenez-Valera et al., 2003) . In the present case, the treatment resulted in a significant decrease in the leukocyte counts in peripheral blood samples, clearly indicating a compromised situation of the immune system, not prevented by the probiotic L. plantarum strain. The results show a direct relationship between the status of host immunity, and the occurrence and relative abundance of the SFB population. This effect has been described previously, indicating that these bacteria have the ability to attach to the gut epithelium and to expand along the GIT in immunodeficient mice (Snel et al., 1998) . It has been described that SFB might also have an indirect effect on the host immune response by presenting antigens to the gut immune cells, with subsequent activation of B and T cells and production of cytokines and chemokines (Suzuki et al., 2004) . The colonization of the gut with SFB and their retreat to the distal parts of the small intestine is known to occur in healthy mice upon maturation of their immune system in the first weeks of life, and in immunodeficient mice, after restoration of the gut immunity (Jiang et al., 2001) . Knockout mice with a deficiency for the development of a normal immune system show an excessive expansion of SFB in the small intestine. In this case, normal IgA levels produced by the immune system led to the restoration of physiological SFB numbers rather than antibiotic treatment (Suzuki et al., 2004) .
In the present study, after being administered intragastrically, the probiotic strain of L. plantarum could be detected in the GIT of mice under different immunological conditions without an effect on the endogenous lactobacilli, as evidenced by DGGE analysis. Although intragastric administration of the bacterium showed no direct effect on the leukocyte counts, a correlation was found between L. plantarum and the numbers of SFB present in ileal tissue samples from control and immunosuppressed mice. A pronounced increase in the relative abundance of SFB was found in the ileum of immunocompromised mice. The administration of the probiotic strain restored their levels to those observed in healthy control mice. Interestingly, a reduction beyond the levels found in control mice was observed in the LP group animals, where probiotic administration almost completely depleted the SFB present in that region of the GIT (Table 2) . It is tempting to speculate that the probiotic adversely affects the colonization and survival of the SFB population by either (1) mechanical exclusion, (2) the production of antimicrobial substances or (3) indirect exclusion through the stimulation of the host immune system. Although no significant effect of the probiotic feeding on peripheral blood leukocyte counts of immunosuppressed mice could be observed, it cannot be excluded that other components of the immune system were affected. Future studies will have to include additional measures of the immunity status to elucidate the mechanistic background for this interesting negative correlation between probiotic treatment and SFB abundance. Moreover, the characterization of the yet uncultured SFB by integration of innovative cultivation approaches as well as metagenomic efforts will improve one's ability to predict their physiology within and interaction with the developing host.
In this study, quantification of SFB could be achieved by the validation of group-specific primers independently described previously for other purposes (Snel et al., 1995; Urdaci et al., 2001) . Because SFB are yet uncultured bacteria, their quantification was achieved by establishing ratios with total bacteria present in the samples, allowing the comparison of SFB levels in the different samples analyzed. These findings could also be confirmed with T-RFLP analysis, where an SFB-specific peak was detected in the electropherograms obtained for samples where the filamentous bacteria were found by qPCR at levels as low as 2% (Table 2) .
Although no general community changes could be detected by DGGE with any of the treatments, the results from Lactobacillus genus-specific profiles showed the presence of the probiotic bacterium administered in different regions of the GIT, with no apparent effect on the endogenous lactobacilli profiles. T-RFLP did not allow confirmation of this finding, because the lactobacilli community in the mice gut corresponds to a small fraction of the total microbiota, and therefore the detection of a single species in the profiles obtained with universal primers is very unlikely.
In conclusion, the present results corroborate the known SFB expansions under a compromised status of the host immune system, and demonstrate a close relation between administration of a strain of L. plantarum and the filamentous bacteria present in the gut. This relation is of special interest due to the involvement of both bacterial groups in the correct function of the gut immunity.
